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University of New Hampshire, May, 1985
Aluminum salts are widely used as coagulants in water 
treatment to remove turbidity and color. Recent studies 
indicated that there is a good probability that the aluminum 
concentration of finished water can be increased above the 
original raw water by the process of coagulation with alum. 
High levels of aluminum has been linked to several medical 
disorders such as Alzheimer’s Disease, Dialysis Encephalo - 
pathy and Renal Failure in man.
Because of the ever increasing concern over the health 
effects associated with aluminum, this study was designed to 
determine the behavior of aluminum in a water treatment 
facility using alum in the coagulation process. The plant 
chosen was the Arthur Rollins Water Treatment Facility 
located in Durham, New Hampshire. Laboratory jar tests, as 
well as actual monitoring, were conducted. The important 
parameters examined included pH, temperature and fluoride. 
Also, a comparison between natural river water and a colored 
model water was performed in the laboratory.
Aluminum was determined using both the Atomic 
Absorption Spectrophotometry (AAS) method and the Eriochrome
x1
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Cyanine R method which can detect aluminum in the low ppb
range. The latter method was also used by the operator of
the water treatment plant.
The results from the jar tests indicated that the
soluble aluminum concentration was affected by pH,
temperature and fluoride. The most important parameter in 
the partitioning of aluminum was pH. The amount of soluble 
aluminum can vary as much as one hundred fold by changing 
the pH one unit. The minimum soluble aluminum concentration 
occured at a higher pH when the temperature decreased from 
25 to 5*C. Colored model water (humic acid) showed a close 
relationship with natural water in terms of its effect on 
the solubility of aluminum. The natural water results 
indicated a minimum soluble aluminum concentration of 15 ppb 
at a pH of 6.7 at 5"C and 20 ppb at a pH of 6.3 at 25"C. The 
model colored water results indicated a minimum soluble 
aluminum concentration of 8 ppb at a pH of 7.0 at 5°C and 23 
ppb at a pH of 6.5 at 25“C. The fluoride ion is an important 
factor in increasing the amount of soluble aluminum in a pH 
of less than 7. However, the fluoride addition took place 
after the filtration and should not affected the performance 
of this plant. These parameters have different magnitudes of 
effect on the partitioning of aluminum. However, a water 
treatment plant deals with a combination of these parameters 
in a given time. It is of utmost importance to minimize the 
soluble aluminum concentration due to the fact that 
sedimentation and filtration units are not able to remove
Xi 1
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this portion of aluminum and this would end up in the 
fin.bhed water.
The monitoring of the water treatment plant confirms 
that the total aluminum concentration in the finished water 
was usually well above that of the raw water. An envelope of 
the solubility curves was constructed from the results 
produced by the jar tests on the natural and model waters at 
two different temperatures. Most of the results obtained 
from the water treatment plant fall into this envelope. The 
sedimentation and filtration units showed a total aluminum 
removal of 85 and 95 percent, respectively when the plant 
operated at optimum conditions.
x i i i
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J. INTRODUCTION
The purpose of this thesis is to investigate the 
occurrence and control of aluminum in drinking waters.
Aluminum is the third most abundant element of the 
earth’s crust after oxygen and silicon. Aluminum 
constitutes, on the average, 8 percent by weight of the most 
common minerals, the aluminosilicates. In contrast to the 
abundance of aluminum in the lithosphere, the concentration 
of dissolved aluminum in natural waters is low. River water 
contains 10 to 80 ppb dissolved aluminum on the average and 
seawater contains less than 1 to 5 ppb aluminum (Stoffyn, 
1979).
Miller et al (1984) reported the results of studies in 
which animals were exposed to aluminum under controlled 
conditions that clearly demonstrated that there was a 
relationship between certain neuropatho logical disorders and 
aluminum exposure. Recently, evidence has been presented to 
support the speculation that there is a relationship between 
aluminum and both Alzheimer’s Disease and Dialysis 
Encephalopathy (Crapper, 1973). It has been found by Davison 
et al (1982) that kidney dialysis patients exhibited 
symptoms of Dialysis Encephalopathy when their dialysis 
fluid contained 80 ppb aluminum. Removal of aluminum from 
the dialysis fluid prior to dialysis decreased the patient’s 
chance of exhibiting these symptoms.
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2Miller et al (1984) mentioned some studies which 
showed that the acidification of lakes and streams via acid 
rain has mobilized aluminum from the soil to the aquatic 
environment. These elevated levels of aluminum in the water 
may have serious ramifications for the fish living in these 
waters as well as birds whose diets are made up of insects 
from along the shoreline of the affected waters.
The use of aluminum sulfate (alum) for coagulation of 
color and turbidity is a common practice in water treatment 
facilities in the United States. According to Kopp (1969), a 
five year survey of 1577 raw surface waters showed a 31.2 
percent frequency of detection for aluminum, with ranges 
from 1 to 2760 ppb, and a mean of 74 ppb. The same survey on 
380 finished waters showed a 47.8 percent frequency of 
detection for aluminum, with ranges from 3 to 1600 ppb, and 
a mean of 179.1 ppb. More recently. Miller et al (1984) 
surveyed 186 utilities during 1980 to 1981 and reported a 
median aluminum concentration of 43 ppb in the finished 
waters, with maximum level of a 1167 ppb for the plants not 
using any coagulant. For utilities using alum coagulation of 
surface waters, the median aluminum concentration was 112 
ppb in the finished waters, with a maximum level of 2670 
ppb. Miller concluded that there is a 40 to 50 percent 
chance that the concentration of aluminum will increase 
above the original raw water concentration when coagulation 
with alum is utilized. It has been reported by Barnett et al 
(1969) that the use of alum can increase the total aluminum
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3concentration in the finished water by almost an order of 
magnitude compared to the raw water.
While there is currently no maximum contaminant level 
(MCL) for aluminum in drinking waters, the 1983 proposed 
rules of the USEPA indicates that the development of a MCL 
for aluminum is under consideration (EPA, 1983). The 
American National Institute limit for aluminum in dialysates 
is 10 ppb. The World Health Organization (WHO) guideline for 
aluminum is 200 ppb, based on aesthetic considerations.
In order to understand more fully the major factors 
that affect the occurrence and control of aluminum, it is of 
utmost importance to distinguish between the particulate and 
dissolved phases. Since the levels of aluminum being 
measured are quite low (ppb level), a reliable method of 
analysis is needed. Jar tests, as well as actual water 
treatment plant monitoring, were initiated to gain more 
insight into the mechanisms involved. The specific
objectives for this study were:
1. To evaluate and compare the standard methods of atomic
absorption spectrophotometry (AAS) and visible
spectroscopy using Eriochrome Cyanine R dye for aluminum
déterminât ion.
2. To evaluate the use of membrane filters to distinguish 
between dissolved and particulate phases; three membrane 
filters with different pore sizes and materials were 
investigated.
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43. To study the effects of pH, temperature, organic matter 
in water (natural and model) and fluoride ion on the 
partitioning of aluminum into soluble and insoluble 
phases, when alum is added to the system.
4. To compare the results obtained from the laboratory with 
those obtained from actual monitoring of a water 
treatment facility.
5. To evaluate the importance of the adsorption of organic 
matters on aluminum hydroxide floe in the overall color 
removal process. This was done by using three chemicals: 
alum, alumina (activated), and aluminum hydroxide (pre­
formed). In addition to humic acid and natural organic
matters, salicylic acid was used as a model organic
matter due to its well known behavior.
6. To formulate control strategies for the minimization of
total residual aluminum in a water treatment plant.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
II. MATERIALS AND METHODS
II-l. Determination of Aluminum
Standard Methods for the Examination of Water and 
Wastewater (1980) recommends two methods for aluminum 
determination:(1) atomic absorption spectrophotometry (AAS) 
and (2) Eriochrome Cyanine R colorimetry. There are other 
techniques employed by researchers, including inductively 
coupled plasma - atomic emission spectroscopy, fluorescence, 
laser stepwise photoionization and variations of AAS 
(flameless) and visible colorimetry using other types of 
dyes.(Sung, 1984)
In the beginning of this study, it was determined that 
a detection limit of better than 10 ppb would be necessary. 
This immediately ruled out AAS in the flame mode and laser 
stepwise photo ionization. Fluorescence is technically very 
sensitive but subject to severe limitations such as 
background fluorescence and interferences. Atomic emission 
spectroscopy is generally accurate and precise, but was not 
available. Since one of the objectives of this research was 
to compare results obtained from the laboratory with results 
obtained from a water treatment plant, and the water 
treatment plant personnel of this study used the Eriochrome 
Cyanine R method, this was the primary method of choice. The 
use of flameless AAS with a graphite furnace was also 
explored.
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II-l-A. Atomic Absorption Spectrophotometry
The Instrumentation Center of the University of New 
Hampshire operates an Instrumentation Laboratory Model aa/ae 
951 atomic absorption spectrophotometer equipped with an 
auto sampler (model 254) and a graphite furnace atomizer 
(model 655). The wavelength of measurement used was 309.2 nra 
with Argon as the carrier gas (flow rate of 15 SCFM and a 
cell pressure of 20 psi). Figure 1 shows a typical 
calibration curve using this method. The linearity of the 
curve did not extend beyond 100 ppb. The reproducibilty 
within a run was generally within 10 percent, but 
difficulties were encountered for samples with less than 30 
ppb aluminum. Loss of aluminum via adsorption to container 
walls and inconsistant nebulizer flow rate were the major 
suspected causes of error. The detection limit of this study 
was estimated to be 10 ppb and the precision for samples 
containing less than 30 ppb aluminum was ±30 percent.
II-l-B. Eriochrome Cyanine R Method
The Eriochrome Cyanine R is a visible spectrophoto- 
metric method; a Bausch and Lomb Spectronic 2000 was 
utilized for this research. The procedure given in the 
Standard Methods (1980) was modified. A considerable amount 
of absorbance was noticed for the blanks (non-zero intercept 
at zero aluminum concentration). (See Appendix A) This was 
attributed to the presence of aluminum in the chemicals, 
glassware and/or deionized water. EDTA was added to the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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8blanks and the calibration curves were extrapolated to zero 
absorbance to get a determination of the background aluminum 
concentration: it typically varied from 2 to 9 ppb. This
value was added to the standards and excellent calibration 
curves were obtained, as shown in Figure 2. However, the 
working dye was not very stable (it faded in a week even 
when stored in a dark bottle), so new calibration curves 
were obtained for every run(See Appendix B).
The sample size was determined by estimating the
aluminum concentration of the solution. The range used was 
from 0.5 to 26 ml, which produced results in the range of 
the calibration curves (i.e. 0 to 100 ppb).
The procedure for the Eriochrome Cyanine R method was
as follows: (1) The estimated volume of sample was adjusted
to 25 ml with the addition of deionized water. (2) The
interference of iron and manganese, two elements often found 
in water, was eliminated by adding ascorbic acid. This was 
done by adding 1 ml of 0.02 N H^SO^ to reduce the pH of the
samples to about 4, and then 1 ml of the ascorbic acid
solution (1 g/1) was added (i.e. the alkalinity of the 
samples was low and 1 ml of 0.02 N HgSO^ was enough to 
reduce the pH of the samples to about 4). (3) Then, 10 ml of 
the buffer reagent (136 g sodium acetate, NaCgHgOg.3HgO, 40 
ml IN acetic acid and deionized water with a final volume of 
one liter) was added to the sample, and (4) 5 ml of the
working dye, prepared by diluting 10 ml of the stock dye
(Baker brand Eriochrome Cyanine R, 1 g/1 solution) to 100 ml
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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in a volumetric flask with deionized water, was added to the 
sample and immediately brought up to a final volume of 50 ml 
by adding the needed amount of deionized water. This was 
done in duplicate due to the fact that one sample was used 
as a blank. After the addition of 1 ml of 0.02 N H^SO^ to 
the samples in step (2), 1 ml EDTA solution (3.7 g of the 
sodium salt of ethylenediaminetetraacetic acid dihydrate was 
dissolved in deionized water and diluted to 1 liter,0.01 M) 
was added to one sample. This served as the blank by 
complexing any aluminum present as well as compensating for 
color and turbidity. After about 10 minutes, the absorbance 
of these samples was determined (See Appendix C). The 
instrument was set to zero absorbance using the blank 
sample. The wavelength used was 535 nm.
The calibration curve was made by preparing a series of 
aluminum standards from 0 to 100 ppb based on a 50 ml 
sample. A 10 ppm aluminum solution was prepared by diluting 
GFS standard aluminum solution (1000 ppm aluminum). Proper 
volumes from this solution (10 ppm aluminum) were diluted to 
25 ml with deionized water and then the same procedure was 
followed as described above.
It is important to adjust the pH of the working dye to 
2.9 to reduce the rate at which the working dye degrades. 
Care should also be exercised in the acidifying of samples. 
It was noticed that the buffer was not sufficiently strong 
to maintain a final pH of 6, and the absorbance is strongly 
pH dependent (See Appendix D).
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Since a 5 cm cell path was utilized in the laboratory 
study, it was possible to measure I ppb. The reproducibilty 
at 10 ppb was estimated to be better than ±10 percent. The 
data from the water treatment plant was obtained with a 
standard cell path of 1.17 cm (1/2 inch outer diameter) and 
subject to fluoride interference, thus the detection limit 
of aluminum in the water treatment plant was estimated to be 
10 ppb with a precision of ±50 percent at this level. The 
molar absorptivity was 6.8 x 0.5 x 10^ M ^cm  ^ for this 
study. For more details on this method, see Shull and Guthan 
(1987).
II-2. Effects of Types of Filter on Dissolved Aluminum
The use of 0.45 micron membrane filtration to 
distinguish between solid and dissolved phases is a common 
and USEPA approved method. Kennedy et al (1974) presented 
evidence that particulate aluminum could be retained from a 
solution previously filtered through a 0.45 micron filter on 
a 0.1 micron filter.
To study the effects of membrane filter material and 
pore size on the dissolved aluminum concentration, three 
membrane filters were investigated: Millipore 0.45 micron 
(cellulose acetate), Nalgene 0.2 micron (cellulose acetate), 
and Nucleopore 0.2 micron (polycarbonate). A jar test was 
performed on colored model water with three samples. These 
samples had pH values of 4.6, 6.9, and 9.0. This was done to 
observe the effects of solution condition (i.e. acidic.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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neutral, and basic) on the membrane filters and at the same 
time, low and high dissolved aluminum concentrations were 
achieved (i.e. refer to aluminum/pH solubility curve). 
Following a jar test (as described in II-3-H below), each 
sample was vacuum filtered through an individual 0.2 micron 
membrane filter (cellulose acetate). The experimental set - 
up flow chart is presented in Figure 3. Following this, each 
filtered portion was filtered again through a set of 
different filters (i.e. the three chosen filters for this 
study). Due to the initial filtration through the smallest 
pore size filter, the filtered portion should not retain any 
dissolved aluminum on these filters during the second 
filtration. If any portion of the dissolved aluminum was 
lost, it must be due to adsorption which took place during 
the second filtration. To study the pore size effect, the 
non-f iItered portion of the original jar samples was 
filtered through the same sets of filters used above.
II-3. Laboratory Jar Tests
II-3-A. Colored Model Water
Jar tests were performed with solutions made up of 
deionized water and analytical reagent grade chemicals 
unless otherwise noted. Aldrich humic acid (HI, 675-2) was 
used to simulate natural color. The experiments used 5.6 
mg/1 of humic acid, which gave 80 color units (cu) on the 
platinum - cobalt scale (See Appendix E). This was based on
I
I
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the relationship of humic acid - color given in the 
following equation (Viscardi, 1983):
Y^= 0.07 (1)
where; Yj^ = concentration of humic acid substances in mg/1 
X^= color in cu 
Sodium bicarbonate (Fisher brand) a*' a concentration of
55.5 mg/1 was used to simulate alkalinity(40 mg/1 as CaCOg).
II-3-B. Model Water Containing Salicylic Acid
Salicylic acid is a model organic substance with known 
behavior (See Appendix F). It was decided to use model water 
containing salicylic acid to study the adsorption of organic 
matter on different surfaces. A stock solution of 2 g/1 
salicylic acid (Baker brand) was prepared. The model water 
contained 4 mg/1 salicylic acid and 55.5 mg/1 sodium 
bicarbonate.
II-3-C. Natural Water
The natural water was collected periodically at the 
Arthur Roll ins Water Treatment Plant located in Durham, New 
Hampshire which uses Oyster River water collected in a 
storage reservoir.
II-3-D. Alum Solution
A Fisher reagent grade aluminum sulfate (Alg(SO^)g.18 
HgO) stock solution was prepared by dissolving 100 grams of 
alum in distilled deionized water with a final volume of one
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liter (0.15 M). Due to the high concentration of the 
solution and its high acidity (pH about 3), it could be 
stored for a long period of time. An 8 g/1 alum solution was 
prepared by dilution of the stock solution prior to each jar 
test, and 5 ml of this solution was added to each beaker of 
batch water to represent 40 mg/1 alum (3.2 mg/1 aluminum).
II-3-E. Alumina Solution
A GFS reagent grade alumina (activated) was used in the 
study of organic removal by surface adsorption. A stock 
solution of 1.2 g/1 alumina was prepared and 5 ml of this
solution was added to each Jar of batch water to represent 6 
mg/1 alumina (3.2 mg/1 aluminum).
II-3-F. Aluminum Hydroxide Solution
As part of the study of organic matter removal by 
surface adsorption, aluminum hydroxide was selected. The 
procedure for aluminum hydroxide preparation is taken from 
Rubin (1975) (See Appendix G for details).
II-3-G. pH Adjustment Solutions
Sodium hydroxide and nitric acid were used to adjust 
the pH since they do not interfere with the coagulation 
process or with aluminum analysis using AAS. To prevent 
excessive dilution of the samples, 0.2 N NaOH and 0.1 N HNOg 
were used.
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II-3-H. Jar Tests Procedure
Jar tests were performed with a Phipps and Bird 
Apparatus with paddle stirrers (1x3 in).
The first step in an actual jar test was to determine 
the volume of base or acid required to keep the system at a 
specified pH. A volume of batch water, determined by the 
equation
Volume batch water (ml) = 1000 ml - 5  ml alum solution 
- estimated volume of acid or base in ml (2)
was placed in a one liter plastic beaker(Nalgene 1201-1000). 
While the sample was being stirred gently, the 5 ml alum 
solution was added, followed by acid or base titration until 
the desired pH was reached. This volume was then recorded. 
The beakers were kept in a water bath thermostated to ±1“ C. 
The appropriate volumes of acid or base and alum solution 
(40 mg/1 alum which gives a total aluminum addition of 3.2 
mg/1 or 1.2 X  10 ^M) were added to the batch water, followed 
immediately by rapid mixing. The rapid mixing step occurred 
for 2 minutes at 150 rpm. Flocculation at 15 rpm for 15 
minutes then commenced followed by 15 minutes of settling. 
According to Gottlieb (1982), the rpms selected would give a 
mean velocity gradient of about 200 sec  ^ and 10 sec  ^ for 
the rapid mix and flocculation stages, respectively. The 
suspension was then filtered. The filtrate was acidified 
with nitric acid if AAS was used for aluminum determination, 
otherwise the filtrate was analyzed by the Eriochrome 
Cyanine R method within an hour.
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11-4, Analytical Methods
II-4-A. Alkalinity and pH Measurements
The alkalinity of the samples was determined by 
titrating with 0.02 N HgSO^ to a pH of 4.3. The measurements 
are reported as mg/1 as CaCOg. The pH was measured with a 
Beckman model 71 pH meter and a combination glass electrode 
previously standardized with NBS buffer.
II-4-B. Color Measurements
The color of the water was measured by the apparent 
color measurement. A set of platinum cobalt standards was 
made using Banco Platinum Cobalt stock solution. Standards 
of 0, 5, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, and 100
color units were made. The procedure used to determine the 
color of the samples consisted of filling a 100 ml Messier 
tube with the sample and visually comparing it to the
standards. Since turbidity in the samples was not removed,
the results were reported as apparent color.
II-4-C. Turbidity Measurements
The turbidity was measured with a HF Instruments model 
DRT 100 turbidimeter. The turbidimeter was calibrated with a 
0.12 NTU standard solution made by HF Instruments prior to 
measuring turbidity of the samples.
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ITS. Settling Velocity
After a jar test, a portion of the suspension was 
poured into an Anderson standard sedimentation pipette for 
settling tests. This is a cylinder with a volume of about 
550 ml. A two - way stockcock with a drawing tube and a 10 
ml sampling section was inserted in the cylinder, and
samples were drawn at specific time intervals (For details 
see Appendix H). A magnetic stirring device was used to 
simulate the flocculation process. After 10 minutes of 
stirring, the magnetic stirring device was stopped and the 
initial sample was collected at this time (called 0 time).
The assumptions, theory, and background of the
sedimentation pipette can be found in Stockhara and Fachtman 
(1977). The settling velocity data can be translated to a 
particle size distribution if Stokesian settling occurs and
if the Stokesian parameter is known (in particular, the
density of the floe).
II-6, Actual Water Treatment Plant Monitoring
The Arthur Rollins Water Treatment Plant, located in 
Durham, New Hampshire, is a 1.5 mgd facility that treats 
surface water from a storage reservoir impounded on the 
Oyster River. Treatment includes alum coagulation, 
flocculation, sedimentation, and rapid sand filtration 
followed by chlorine disinfection and fluoridation (For more 
details see Appendix I). Weekl> samples were taken from the 
end of August 1983 to the beginning of February 1984. These
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were taken from the raw water intake, after sand filtration, 
and prior to distribution. From the beginning of October 
1984, another set of sampling started which included two 
additional samples. These samples were taken from the rapid 
mix chamber and at the outlet of the settling tank. This 
sampling ended in the end of March 1985. The standard water 
quality parameters: temperature, pH, alkalinity, color, and 
turbidity were determined along with aluminum.
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III. RESULTS AND DISCUSSION 
III~i• Effects of Types of Filter on Dissolved Aluminum
The samples from the jar test on the colored water 
prior to and after the second filtration were analyzed for 
aluminum ; the results are presented in Table 1. These 
results represent the amount of dissolved aluminum recovered 
during the second filtration. It showed that some adsorption 
took place. The 0.2 micron (cellulose acetate) membrane 
filter showed the most adsorption compared to the other
filters, while the 0.2 micron (polycarbonate) membrane
filter showed the least adsorption regardless of the pH
variaton. In the case of the cellulose acetate membrane
filters (0.2 and 0.45 microns), as the pH increased less
adsorption took place; pH showed no significant effects on 
the 0.2 micron (polycarbonate) membrane filter. The aluminum 
ion has a strong tendency to adsorb on glass. Filters made 
of paper, absorbent cotton, and glass wool were shown to be 
completely unsuitable for filtering any solution that is to 
be tested for aluminum (Shull and Guthan, 1967).Apparen11 y , 
the only practical way to remove insoluble material from a 
sample without also removing soluble aluminum is to use a 
membrane filter. Filtering and discarding the first 100 ml 
has been shown to result in complete recovery of aluminum in
the next 25 ml (Shull and Guthan, 1967).
20
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Table 1. Percentage of Dissolved Aluminum 
Recovery After Second Filtration
Membrane filter pH: 4.6 6.9 9.0
0.2 micron (cellulose acetate) 69. 0 75.0 80.5
0.2 micron (polycarbonate) 94.8 95.5 94.8
.45 micron (cellulose acetate) 77. 6 87.5 91.0
Table 2. Dissolved Aluminum Concentration (ppb) 
in The Samples
Membrane filter pH: 4.6 6.9 9.0
0.2 micron (cellulose acetate) 1320 24 2600
0.2 micron (polycarbonate) 1690 32 3000
.45 micron (cellulose acetate) 1430 26 2750
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Table 2 shows the results of the second portion of the
experiment. These results were obtained from direct
filtration of the jar test samples through the membrane
filters used in the first portion of this experiment. In 
general, the 0.2 micron (cellulose acetate) membrane filter 
showed about 7 percent more aluminum removal compared to the 
0.45 micron (cellulose acetate) membrane filter. The 0.2 
micron (polycarbonate) membrane filter showed the most 
aluminum content in all three cases. From the first portion, 
it was noticed that the membrane filters made of cellulose 
acetate had more adsorption compared to the polycarbonate 
type. It is possible that during adsorption, the pore size 
of membrane filters were reduced and therefore they show 
lower amount of aluminum in their filtered portion compared 
to the polycarbonate type. The other possibilty is that, 
during the second filtration of the jar test samples through 
the membrane filters, more adsorption took place. Therefore, 
the 0.2 and 0.45 micron (celluolse acetate) membrane filters 
showed lower amounts of dissolved aluminum in their filtered 
portion compared with the polycarbonate type. Further 
studies are needed to distinguish between the above cases.
It would have been better to use the polycarbonate type 
filters to minimize adsorption effects. But since other 
researchers have used the cellulose acetate filters, the 0.2 
micron cellulose acetate membrane filter was chosen for this 
study, the adsorption effects were supposedly minimized by 
pre-conditioning the filters with the first 100ml.
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II1-2. Laboratory Jar Tests (Soluble Aluminum)
III-2-A. Introduct ion
The parameters which determine the amount of soluble 
aluminum in a water body can be observed on the alurainum-pH 
solubility curve. The following parameters were explored 
during this study: pH, temperature, humic acid (model
water), natural organic matter (raw water), and fluoride. 
These parameters were tested individually or in combination 
and the results presented in the following sections.
III-2-B. Soluble Aluminum. Natural Organic Matters
A total of five different jar tests were performed for 
this study. The data are presented in Appendix J. Figure 4 
shows the relationship between dissolved aluminum and pH at 
25°C using different raw waters, and Figure 5 shows the same 
relationship at 5°C. The three different solubility curves 
are created from the connection of the data points. Curves 1 
and 2 in Figure 4 are statistically not different, but curve 
3 is statistically different from that of 1 and 2 (using a 
Student T Test with a confidence level of 95 percent, see 
Appendix K for more details). As the dates of testings 
indicate, they were 12 days apart, and during that period 
the nature of organic matter in the raw water probably did 
not vary significantly. The results show minimum dissolved 
aluminum contents of 22 and 28 ppb at pH's of 6.1, and 6.3 
respectively. Curve 3 shows less soluble aluminum compared
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to the other curves, and it has a minimum soluble aluminum
content of 7 ppb at a pH of 6.45. This could be due to the
variation of the nature and concentration of organic matter 
present in the raw water. The latter test was performed in 
the Winter compared to the other two, which were performed 
during the Summer. It is apparent that the variation in the 
nature of the organic matter can affect the amount of 
complexation between organic matter and aluminum, which 
results in different soluble aluminum concentration. The
influence of organic matter on the concentration of soluble 
aluminum is not easy to ascertain due to the fact that their 
molecular weight is usually unknown and the reported
equilibrium constants are conditional constants. Further
studies are needed to determine the variation in the nature
of organic matter present in the water bodies due to the
seasonal and regional changes. The same could be said about 
the jar tests performed at 5°C. The results were very 
similar to the results of the previous jar tests with some 
exceptions. Curve 1 shows a minimum soluble aluminum
concentration of 28 ppb at a pH close to 6.75, compared to 5 
ppb at a pH of 8.65 for curve 2. By comparing Figures 4 and 
5, it is obvious that as the temperature decreased from 25 
to 5*C, the pH of minimum soluble aluminum increased and 
also, the amount of dissolved aluminum decreased slightly. 
This is reasonable, due to the fact that the solubility of 
solids usually decreases with decreasing temperature.
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III-2-C. Soluble Aluminum, Humic acid
A total of nine different jar tests were performed for 
this study, and the data are presented in Appendix L. Figure 
6 presents the relationship between aluminum and pH at 25”C,
and Figure 7 shows the same relationship at 5*0. The results
were obtained by both AAS and Eriochrome Cyanine R methods.
As Figure 6 shows, the solubility curve of each run is
visually different from the others, but the point of minimum 
soluble aluminum content occurs at a pH close to 6.5 ±0.1 
for all the runs. The reason for the variation of soluble 
aluminum content is not clear but there are a few possible 
answers. Perhaps, the equilibrium state was not reached 
under these conditions. Another possible answer to these 
variations could be the analytical methods used for aluminum 
measurements. There is a probability of 90 percent that the 
results obtained by the AAS method are similar and the same 
is true about the results obtained by the Eriochrome Cyanine 
R method. However, the results obtained by the AAS method 
are not similar to the ones obtained by the Eriochrome 
Cyanine R method and are higher in soluble aluminum 
concentration. This difference can be due to the fact that 
AAS measures total aluminum and it. is possible that some 
insoluble aluminum existed in the filtered portion which was 
not analyzed by the dye method. The minimum soluble aluminum 
content at a temperature of 25*C occurred at a pH of 6.5, 
and varied from 4 to 24 ppb. The solubility curves for 
aluminum at 5*C were in closer agreement. The minimum
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soluble aluminum concentration occurred at a pH close to 7.0 
and varied from 7 to 10 ppb. The results from this section 
are comparable to those obtained from the previous section. 
Table 3 is a summary of these results. Overall, the pH for 
minimum soluble aluminum is higher for humic acid compared 
to natural raw water, regardless of temperature, and the
former showed less soluble aluminum content at this pH for 
both 5 and 25"C.
III-2-D . Soluble Aluminum. Fluoride
It is well known that complexation can increase the
amount of soluble material in solution. One of the ligands 
that may form significant complexes with aluminum is 
fluoride. Table 4 presents equilibrium relationships used in 
this study (from Johnson et al, 1981). The amount of fluoro- 
complexes could be obtained as:
[AIF^""] + [AlFg] + [A1F°] + [A1F~] = [Al^^J KF,(F~}^ (3)
Although fluoride can also form the AIF^^ and AlFg^
complexes, they can easily be shown to be un important at the 
typical fluoride dosage of I mg/1 (5.3 x 10”^M). The sum for 
the aluminum - fluoro complex, assuming {F } = 5.3 x
10 ^M,is equal to 3.3 x 10^. By equating this sum to that of 
the sum due to hydroxyl - complexes, it can be shown that 
fluoro - complexes of aluminum are as important as aluminum 
hydrolysis complexes when pH is between 6.8 and 6.9. The 
hydroxide easily outcompetes fluoride at this concentration 
when pH more than 7.
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Table 3. Summary of Optimum pH and Minimum Dissolved 




pH of minimum 
soluble A1 6.65-6.75 6.10-6.45
Aluminum cone. 
( ppb )
5 - 2 8 6 - 2 9
Mean & std dev 16.5 ±11.5 25.5 ±3.5
Model Water
pH of minimum 
soluble A1 6.9 - 7.0 6.4 - 6.6
Aluminum cone. 
(ppb) 7 - 1 0 4 - 2 4
Mean & std dev 8.5 ± 1.2 14.0 ±7.5
Table 4. Equilibrium Relationship Used in This Study 
(T = 25°C)
Fluoride ligands Equilibrium constant
A i ^ n f' = A1F% + KF^ = 1.05 X to?
Al3++ 2F” = AlFg KFg = 5.77 X io‘2
Al3 + + 3F“ = AlFg KF3 = 1 . 07 X
Al3++ 4F“ = A1F~ KF = 5.37 X 10 19
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A series of jar tests with the addition of a total of
5.3 X 10 F was performed under otherwise identical
conditions on colored model water. Total dissolved aluminum 
was determined by AAS (fluoride interferes with the 
Eriochrome Cyanine R method). The data are included as Table 
M-1 in Appendix M. Figure 8 shows the dissolved aluminum 
concentration as a function of pH. There is a shift in the 
pH where minimum soluble aluminum occurs to the right in 
samples containing fluoride. The amounts of fluoro complexes 
were calculated given the equilibrium constants and the mass 
constraint on the fluoride. The observed and computed 
enhancements ratio, defined as total dissolved aluminum in 
the presence of flouride divided by the total dissolved 
aluminum in the absence of fluoride, are listed in Table 5. 
The agreement is reasonable.
111 - 2 -- E . Soluble Aluminum. Theoretical Values
The hydrolysis of aluminum has been studied extensively 
by Black and Chen (1967), Stumm and O ’Molia (1968), Hayden 
and Rubin (1974) and reviewed by Baes and Mesmer (1976). 
There were other studies, but those were either performed at 
vastly different ionic medium or did not report any 
equilibrium constants. Even with these four investigators, 
there is no agreement between the hydrolysis species nor the 
magnitude of the equilibrium constant (see Table 6). In this
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Table 5. The Effect of Fluoride on Soluble Aluminum
pH TDA* Observed Calculated Calculated
E ratio free F E ratio
6.3 313 16. 2 3.0 X 10"® 10.3
6.4 275 17.7 3.5 X 10"® 8.4
6.5 183 11.0 4.0 X 10"® 6.3
6.6 91 6.8 4.5 X 10"® 4.4
6.8 80 2.5 5.0 X 10"® 2 . 0
7.0 45 1.3 5.5 X 10"® 1.2
E : Enhancement
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Log K at 25 °C




- 21.84 (I); - 23.0 (4);
- 22.75 (3) amorphous
9.1 (1); 10.4 (3) amorphous
10.05 (3); 8.5 (4) gibbsite
6.27 (1); - 7 . 7  (4)
-68.7 (3) Mixed constant
- 96.7 (1); -97.4 (2)
Sources :
(1) Black and Chen ( 1967) (2) Stumin and O' Me.lia t 1968)
(3) Hayden and Rubin (1974) (4) Base and Mesmer (1976)
Mixed constants: The proton only remains as activity, other 
species are written as concentration.
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humic acid, see Edzwald et al, 1979), the slope of the 
aluminum/pH plots suggests the presence of AlOH^^, A1(OH)^, 
and Al(OH)^. Although the existence of polymeric aluminum 
species such as Alg(O H ) h a s  been reported by Hayden and 
Rubin (1974), it should be noted that such species are 
probably important only in the initial stages of color 
coagulation, and at low pH values (less than 5) (Sung, 
1984). The various reported hydrolysis species of aluminum 
and their reported equilibrium constants are shown in Figure 
9. Curve 1 is calculated with the data of Hayden and Rubin 
(1974), curve 2 from the data of Black and Chen (1967), and 
curve 3 from Baes and Mesmer (1976). Curves 1 and 2 assumed
the presence of the mineral gibbsite. The product
calculated that such polymeric species would be at very low 
concentration when solid aluminum hydroxide is present. Of 
course, it is possible that the filtration of samples 
removed the polymeric species. If aluminum hydroxide solid 
exists, then the following reaction can be written:
(4)
from Table 6 then, that other hydrolysis species in 
equilibrium with A1(OH)g(S) would just be a simple function 
of {h "^ }.
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For example:
lAlOH— LiH_l  ^ *K , therefore {AlOH^"^} = , since
{ M  }  ^ {H+}
{AI^""} = *KgQ(H+}^, (AlOH^""} = *KgQ*K^{H+}^.
So, if AlOH^^ is the major dissolved aluminum species, a 
plot of log (dissolved aluminum concentration in M) versus 
pH gives a slope of -2; if A1(OH)^ is the major species, a 
slope of -1 is achieved; if A1(OH)^ is the major species, it 
produces a slope of 0; and if A1(0H)~ is the major species, 
it gives a slope of +1. Activities will be used 
interchangeably in this study with concentrations.
III-2-F . Modeling of Jar Test Solubility Results
Figure 10 presents the distribution of the aqueous 
aluminum species as a function of pH. The dominant aluminum 
species in the pH range in which a water treatment plant 
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id ; therefore, 
Substituting (8) and (9) into this equation, one
This solubility equation was used to obtain the composite 
constants for each run by using the method of least squares. 
Table 7 presents the composite equilibrium constants for 
each run of this study. The use of AAS gave higher values (2 
to 5 times) compared with the use of Eriochrome Cyanine R 
method. The model water and natural water showed close 
agreement in both temperatures of 5 and 25 °C. The effect of
are in close agreement. Therefore a v o l u c  ua 
reported by Hayden and Rubin (1974) was used in this study.
"gQ, Pg values for
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Table 7. Composite Equilibrium Constants for This Study
Run description:
Natural Water (140 c u), 24*C 0. 74 1.8 X 10-13
Natural Water (130 cu), 24°C 0.98 1.2 X 10-13
Natural Water (90 c u), 23°C 0. 39 1. 1 X 10“ 13
Natural Water (130 cu), 6°C 1. 86 6.9 X 10-14
Natural Water (90 cu), 5°C 0.97 8.5 10-15
Model Water (80 cu) , 25°C* 5.44 5.2 10-14
Model Water (80 cu) , 25°C* 4.33 1.5 10-13
Mode 1 Water (80 cu) , 26°C 1.77 1.5 10-13
Model Water (80 cu) , 24°C 0 . 98 9.4 10-14
Model Water (80 cu) , 24°C 0 . 33 8.3 10-14
Mode 1 Water (80 cu) , 24°C 0 . 26 8.9 X 10-14
Model Water (80 cu) , 4°C* 4. 00 2.4 X 10-14
Mode 1 Water (80 cu ) , 5°C 2.33 2 . 1 X 10-14
Aluminum determined by AAS.
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model water at 25 "C are presented in Table 8. The average 
*KgQ value was 10^^ and this is in correspondence with the 
numbers reported by different investigators in Table 6. The 
reported constant is 5 x 10 which is in agreement
with the computed ^ values from this study. Figure 11 is a
demonstration of the fitting of the data obtained for one 
jar test with humic acid using this model. Table 9 presents 
the calculated versus observed soluble aluminum as a
function of pH. One can notice a close relationship between 
the calculated and observed values.
II1-3. Particulate Aluminum
These experiments have shown that the majority of the 
added aluminum (3.24 mg/1) was in a form that could be
removed by membrane filtration. This would be called the
particulate aluminum phase. The ultimate removal of such
particulate phases is via gravitational settling or
filtration in a conventional water treatment plant. The 
detailed processes that can occur include: nucléation,
particulate growth via coagulation (herein defined as
surface charge destabilization) and flocculation (defined as 
the agglomeration of destabilized particles), and
gravitational settling. Filtration can be viewed also as 
coagulation and flocculation, whereby particulates in the 
water are removed via impact at the surfaces of a stationary 
media (the sand or other filtration media). For discussion
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Values for Model Water at 25°C
5.2 X 10^ 1.05 X 10 ^
1.5 X 10^5 1.18 X lO'lO
8.9 X 10^ 2.92 X 10





Average : 8.05 x 10^ 2.60
Std. dev: x4.1 x 10^ x 3 .65
Table 9. Calculated vs. Observed Soluble Aluminum as 
Function of pH for Model Water at 25°C for One Run
pH Soluble Aluminum (ppb)











7.4 ■ 113 106
7.6 167 166
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of these mechanics, see Amirtharajah and Mills (1982) and 
Stumm and 0'Melia (1968).
Most theoretical discussions on particulate removal 
utilize the concept of particle size distributions. These 
could be obtained in various ways. The most common ones are 
by electro - resistivity (coulter counter), light scattering 
or settling. The settling velocities of the particulates 
were obtained for three different solutions, these solution 
were as follows: colored model water at a pH of 7.49 and a 
temperature of 10®C; colored model water at a pH of 6.58 and 
a temperature of 25°C; and natural water (120 cu) at a pH of
5.90 and a temperature of 25°C. They are reported in Table 
N-1 of Appendix N and shown in Figure 12. In order to go 
from settling velocity to size, one needs to assume
Stokesian settling and the knowledge of particulate density. 
Since the density is unknown, the results of Tambo and 
Watanabe (1979) will be assumed. Under similar experimental 
conditions, they obtained the following:
Vg= g (ff- ^ ^ d ^ / 3 4 w  (11)
where v^ is the settling velocity, g the acceleration due to 
gravity, u the absolute viscosity of water, /°^  the floe 
dens i ty, 
addit ion :
(ff- ^„) = 1.3 X 10"^(d^/ 1)“ (12)
d^ was divided by 1 cm to make the expression dimensionless. 
Substituting (12) into (11), one obtains the equation:
(13)
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where has to be in cm. The settling velocity as a
function of floe diameter can thus be calculated as shown in 
Table 10.
A substantial amount of particulates (10 to 20 percent) 
remained at the top of the settling pipette even after one 
hour of quiescent settling. This translated to a settling 
velocity of 5.5 x 10 ^ m.s  ^ or less. From Table 10, these 
floes have sizes ranging between 20 to 30 micron.
111-4. The Water Treatment P lant Monitoring
III-4-A. Introduct ion
There were two important objectives in monitoring the 
Arthur Rollins Water Treatment Plant: first, to study the 
occurrence of aluminum in the plant and to establish the 
relationship between the amount of aluminum in the raw and 
finished waters; and second, to study each unit process
(sedimentation and filtration) of the water treatment plant 
and search for the parameters affecting the efficiency of 
aluminum removal for these units. These objectives were 
achieved by monitoring the water treatment plant in two 
phases.
Ill-4-B . Phase 1: August 24, 1983 to February 3. 1984
During this period, the lab technician at the water
treatment plant collected and ran different analytical tests 
on samples taken weekly. The data on temperature, pH, and
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Table 10. Calculated Settling Velocity of Alum Floe 
(T = 24 °C)
d^Cmicrons) (g.cra 3) Vg(ra.s
500 0.019 1.52 X 10"3
400 0.024 1. 19 X 10"^
200 0.044 5.50 X 10"4
100 0.082 2.60 X 10"4
80 0. 100 2.00 X 10"4
60 0. 129 1.47 X 10"4
50 0. 153 1.20 X 10“^
40 0. 187 9.40 X lO'S
30 0.242 6.90 X lO'G
20 0.349 4.40 X 10"'^
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dissolved and total aluminum are included in Appendix 0. 
During the same period, the raw water had the following 
characteristics; temperature varied from 1 to 20°C, color 
varied from 30 to 120 cu, alkalinity varied from 7 to 40
mg/1 as CaCOg, turbidity varied from 1.8 to 41.0 NTU, and
the raw water pH varied from 6.2 to 7.2. The pH of the water
emerging from the sand filters had a pH range of 5.3 to 6.7,
while the pH of the finished water ranged from 6.5 to 8.9.
The variations of total and dissolved aluminum and 
temperature of the raw water for this period are shown in 
Figure 13. The total aluminum concentration was generally
low, below 50 ppb and most of it was in dissolved form (i.e. 
from 50 to 100 percent). The level of dissolved aluminum is 
not unusual at this pH, and is indicative that it is
controlled by solubility with respect to aluminum oxides or 
alumino - silicates. At the time of overturn of the 
reservoir, the amount of total aluminum in raw water
increased significantly and 74 percent of it appeared in the 
particulate form. SEM - EDAX analysis of the filtered 
particulates during the overturn showed the particulates 
were mainly composed of silicon and aluminum in the raw 
water, while aluminum was the major component in the 
finished water particulates.
Figure 14 shows the behavior of total aluminum 
concentration in raw and finished waters for this period.
Throughout this period, the finished water showed higher 
total aluminum concentration compared to the raw water. The
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average concentration of total aluminum in the finished 
water was 194 ppb compared to 30 ppb for the raw water.
During the same period, it was estimated that the 
average alum dosage ranged from 23 to 90 mg/1 as A l^(S O^)^ . 
14 HgO) (i.e. 2.1 to 8.1 ppm as aluminum). It was difficult 
to estimate the alum dosage due to the lack of a proper 
metering device. The average alum dose for the week was 
estimated by the ratio volume of alum per week / volume of 
water produced per week. The ratio was then multiplied by 
the aluminum content per volume of alum to back calculate 
the alum dosage. While one would expect the final aluminum 
to be a function of alum dose, such a relationship did not 
appear to be evident. Given this dosage and operating pH 
range (i.e. 5.3 to 6.7), the water treatment facility was
deemed to be utilizing the sweep coagulation zone (see 
Amirtharajah and Mills, 1982) as the major operation for 
color and turbidity removal. The aluminum addition is an 
order of magnitude greater than the natural occurrence of 
the element, and it is not totally surprising that the total 
aluminum leaving the plant is usually higher than the intake 
concentration.
Ill-4-C . Phase 2: September 28. 1984 to March 31. 1985
During this period, the author collected and ran 
analytical tests on the samples taken in the water treatment 
plant. The data are included in Appendix P. This phase gave 
a much clearer understanding of the water treatment plant
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processes compared to the first phase due to the two extra 
samples which were being collected in the rapid mix chamber 
and the outlet of the settling tank. These samples helped to 
determine specifically,the total aluminum removal efficiency 
of both the settling and filtration units,and the parameters 
that affected this removal efficiency.
During this period, the raw water had the following 
characteristics: temperature varied from 1 to 15°C, color
varied from 30 to 140 cu, alkalinity varied from 8.5 to 28.5 
mg/1 as CaCOg, turbidity varied from 1.7 to 12.5, and the 
raw water pH varied from 6.4 to 7.1. The pH range for the 
filter effluent and the finished water were 4.3 to 6.5 and
6.0 to 10.3, respectively. The pH values of the rapid mix 
chamber and settling tank outlet were measured during the 
sampling period only and they varied from 4.9 to 6.3 and 5.0 
to 6.3, respectively. Figure 15 presents the behavior of 
total aluminum concentration at different stages of 
treatment at the water treatment plant versus time. The 
influent to the settling tank showed the highest, amount of 
aluminum due to the fact that alum was added to the raw 
water prior to this stage. The effluent, from the settling 
tank had the second highest concentration of aluminum 
followed by the effluent from the filters and the finished 
water. There is no significant difference between the amount 
of aluminum in the effluent of filters and the finished 
water because no aluminum was removed nor added after the 
filtration. During this period, the finished water showed
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higher amounts of total aluminum compared to the raw water. 
The average concentration of total aluminum in the finished 
water was 322 ppb compared to 22 ppb for the raw water, an 
increase of 14.6 times!
Figure 16 shows the removal efficiency of total 
aluminum by settling and filtration units versus pH. One can 
observe an interesting relationship between pH and the 
percentage of removal. While this relationship is not strong 
for the settling tank, the filtration units show a strong pH 
dependence. This is due to the fact that pH affects the 
solubility of aluminum. As the amount of soluble aluminum 
increases, the performance of the settling and filtration 
units decreases, since soluble aluminum cannot be removed by 
sedimentation and filtration. Therefore, it is of utmost 
importance to control pH for the best removal for both 
units.
Figure 17 shows the removal efficiency of total 
aluminum by the settling and filtration units versus 
temperature. Tt is apparent. that the variation in 
temperature did not affect the removal efficiency of either 
unit. In the case of low removal efficiency at 4.5 and 
9.5“C, the pH is the dominant factor as discussed earlier. 
The sedimentation unit. showed an average total aluminum 
removal of 82 percent compared to 95 percent for the 
filtration units, not including the 4.5 and 9.5 °C data.
The average removal efficiency of aluminum was 82 
percent in the sedimentation process. It is difficult to
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obtain such a removal efficiency by applying the theory of 
ideal sedimentation and the measured settling velocity 
distributions. The actual circumstances under which the 
particles were settling were evidently very different from 
that measured under quiescent conditions in a sedimentation 
pipette. Recent work in the theory of sedimentation by 
Larock et al (1983) and Valioulis and List (1984) both point 
to the importance of the scour parameter, which must be 
related to the horizontal flow velocity. The horizontal flow 
velocity was estimated at the Arthur Hollins Water Treatment 
Plant by the flow of water and the actual dimensions. The 
flow ranged from 2 to 4 mra.s  ^ depending on the flow rate. A 
recent report by Tay and Heinke (1983) on the removal 
efficiencies of suspended solids in three sewage treatment 
plants in Canada showed a certain relationship between 
suspended solids removal and the horizontal flow velocity. 
Figure 18 is a copy of their Figure 10. By extrapolating the 
upper two curves to the calculated flow velocity of about 
3 mra.s ^, the removal efficiency was predicted to be about 
90 percent. Although the systems are vastly different, the 
agreement is probably not fortuitous. Further work is needed 
to understand the dynamic removal of aluminum in a 
sedimentation tank.
If it were true that the water prior to filtration 
consists of floes with size about 20 microns, is there an 
easy way to predict the removal efficiency via filtration? 
The measured removal efficiency of particulate aluminum in
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November was 95 percent, taking dissolved aluminum into 
account. Following Yao et al (1971), the removal efficiency 
of suspended solids via filtration is:
(C/C^) = exp (- |(1 - e) j ) (14)
where E is the porosity; *\ is the collision efficiency 
factor; is the overall collector efficiency and is given
as the sum of the transport efficiencies via diffusion, 
intercept ion and gravity; L is the depth of the filter and
d^is the collector diameter. See Cleasby in Weber (1972) for
more details. It can be shown that the most important term 
in is transport due to gravity and is given by the ratio
Vg/v^. Here, v^ is the approach velocity and can be equated 
to the loading rate of filtration. Using v^=5.5 x 10 ®ra.s ^, 
v^= 1.7 X 10 ^ m.s L = 1.22 m and a typical value of 5 x
10 ^m for d^, equation 5 becomes:
(C/C^) = exp ( -119.6 ( 1 - e ) n ) (15)
Using C/Cq= 0.10 and a typical porosity of 0.40, 1 is
calculated to be 3.2 x 10 ^ . This means that out of 100
collisions between particulates and filter media, about 3 
will result in particles sticking at the filter surface. The 
values of  ^ have been reported to lie in the range of 0.01 
to 0.448 (see O ’Melia in Weber, 1972). In general , these 
results are reasonable.
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I II~'S. Comparison of Jar tests and Plant Monitoring for
Dissolved Aluminum
Figure 19 presents the envelope constructed from the 
results of all the jar tests performed on natural and model 
waters at the two temperatures of 5 and 25*0. The envelop 
expresses the upper and lower limits of soluble aluminum 
concentration obtained in the jar tests. The results of 
monitoring the water treatment plant are plotted and most of 
the data falls in this envelope. One should remember that 
the water treatment plant is a dynamic system and that the 
raw water characteristics vary by season and weather. 
Therefore, it is possible that the amount of soluble 
aluminum at a certain pH may vary significantly.
II1-6. Laboratory Jar Tests. Surface Adsorption
The basic reason for studying the surface adsorption of 
organic matters is to understand the actual mechanisms 
involved in the surface destabilization step of color 
coagulation. The following chemicals were tested:
III-6-A. Aluminum Sulfate (alum)
A jar test was performed on a model water containing 
4 mg/1 salicylic acid and using alum as coagulant in a pH 
range of 5.7 to 7.4. The absorption spectra of the filtered 
and non-filtered samples revealed that the amount of
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salicylic acid removal by adsorption could be as high as 0.2 
mg/1 which is 5 percent of the total salicylic acid 
available. This means that even when excess amounts of 
aluminum (3.2 mg/1) are present in the solution, no
significant reaction between salicylic acid and alum was 
observed. The amount of dissolved aluminum as a function of 
pH has been plotted in Figure 20. The solubility curve of 
this test shows no significant difference from the other 
solubility curves and it falls in the envelope constructed 
for the results of all the jar tests.
III-6-B. Alumina (activated)
Alumina was found to be slightly soluble in water at 
the pH range (i.e. 5.6 to 8.3) of the jar tests performed. 
It was visually observed that immediately following the 
rapid mix, the alumina particulates settled in the bottom of 
the beakers and during the process of flocculation a 
reasonable contact between alumina and the organic matter 
present in the solution did not occur. The results of the 
jar tests indicated that no adsorption took place in the 
case of humic acid nor salicylic acid. Alumina results show 
smaller amounts of dissolved aluminum released compared to 
alum, as shown in Figure 20. Humic acid showed more 
complexation with alumina compared to salicylic acid, 
therefore more soluble aluminum was present in the former 
system.
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III-6-C. Aluminum Hydroxide
Jar tests were performed on natural water at two sets 
of temperature(5 and 24®C) and on model water with salicylic 
acid at a temperature of 24®C using preformed aluminum
hydroxide as coagulant.
The results of jar tests using water containing 
salicylic acid indicated that no surface adsorption occurred 
between aluminum hydroxide and salicylic acid. On the other 
hand, the results of jar tests using natural water indicated 
good organic matter removal due to adsorption occurred. The 
amount of organic removal in terms of absorbance at a 
wavelength of 535 nm is 86 percent of the original organic 
concentration. Figure 20 presents the amount of dissolved 
aluminum as a function of pH for aluminum hydroxide. In the 
operating pH range of a water treatment plant, the amount of 
dissolved aluminum will be less than 50 ppb if preformed
aluminum hydroxide was used as a coagulant. In other words, 
the dissolved aluminum concentration is independent of pH in 
the case of aluminum hydroxide (pH 5.5 to 7.5). Another 
important observation is summarized in Table 11. One can see 
that the pH of the water system was not affected by
different dosages of aluminum hydroxide. This is important
for the water treatment facilities dealing with water bodies 
of low alkalinities. In the case of alum, small variations 
in the alum dosage can upset the pH tremendously, which can 
produce excess amounts of dissolved aluminum that will end 
up in the finished water.
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Table 11. The Effect of Aluminum Hydroxide 
Concentration on pH




pH dissolved aluminum 
(ppb)
2.70 0.935 6.73 17
4. 15 1.437 6.79 17
6.23 2.157 6.78 14
8.30 2.873 6.78 17
10.39 3.597 6.73 16
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IV. CONCLUSIONS
The following conclusions were made from this study:
1. Graphite furnace atomic absorption spectrophotometry is 
a desirable method since the problem of interference is 
minimized. There are two important factors which are of 
concern in utilizing AAS; one is the capital cost of the 
equipment, compared with other methods. Another is the 
need for a skilled technician to work with AAS since it 
is a state-of-the-art method. The Eriochrome Cyanine R 
method is a reliable and inexpensive method compared 
with the AAS method. This method is affected by some 
interferences, though. Therefore, care should be taken 
in treating samples. Both techniques are sensitive to 
ppb levels of aluminum under favorable conditions. For 
sub - ppb levels, one could use a concentration step.
2. The type and pore size of membrane filters are important
in the partitioning of aluminum into soluble and
insoluble phases. However, by disposing of an initial 
portion of the filtered sample the problem of adsorption
(related to the type of membrane filter) can almost be
eliminated. The pore size of membrane filters showed 
minor effects on the partitioning of aluminum into 
soluble and insoluble phases when the pore size is less 
than .45 micron. The effective pore size can be affected 
by the filter load, especially when the solution to be 
filtered has a high concentration of particulates.
67
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The most important parameter in the partitioning of 
aluminum is pH. The amount of soluble aluminum can vary 
as much as one hundred fold by changing the pH one unit. 
Temperature had only a minor effect on this 
partitioning. Since temperature in a water treatment 
plant changes gradually, this gives enough time for an 
operator to adjust to this variation, if needed. Natural 
organic matter concentration in surface water is usually 
low and therefore does not affect the partitioning of 
aluminum much. Humic acid showed a close relationship 
with natural organic matters in terms of its effect on 
the solubility of aluminum. The natural water results 
indicated minimum soluble aluminum concentrations of 15 
ppb at a pH of 6.7 at 5°C and 20 ppb at a pH of 6.3 at 
25®C. The colored model water results indicated minimum 
soluble aluminum concentrations of 8 ppb at a pH of 7.0 
at 5®C and 23 ppb at a pH of 6.5 at 25°C. Fluoride ion 
is an important factor in increasing the concentration 
of dissolved aluminum at a pH of less than 7.0. However, 
the fluoride addition took place after the filtration 
and should not affect the performance of this plant. The 
above parameters have different magnitudes of effect on 
the partitioning of aluminum. However, a water treatment 
plant deals with a combination of these parameters at a 
given time. It is of utmost importance to minimize the 
soluble aluminum concentration because sedimentation and
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filtration units are not able to remove this portion of 
aluminum and this would end up in the finished water.
4. The results obtained from monitoring of the Arthur 
Rollins Water Treatment Plant indicate that the 
sedimentation and filtration units can remove up to 99 
percent of the total aluminum added to the system under 
optimum conditions. Research laboratory results are 
comparable with data from monitoring of the plant.
5. Color removal by alum is a function of destabilization 
and adsorption. The destabilization of color molecules 
occurs at a low pH (4 to 6) and alum dose (<20 mg/1), 
while adsorption of color molecules on amorphous 
aluminum hydroxide takes place at a high pH (6 to 8) and 
alum dose (> 20 mg/1). Alumina (activated) did not seem 
to be a good candidate for surface adsorption of organic 
matter. Aluminum hydroxide (pre - formed) showed some 
advantages over alum. The soluble aluminum concentration 
in a system containing aluminum hydroxide (pre - formed) 
is independent of pH variation (5 to 8), while in the 
case of alum, it is a function of pH. The pH of a system 
did not change with the variation of aluminum hydroxide 
(pre - formed) addition, while in the case of alum, it 
is a function of alum concentration.
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Appendix A
Figure A-1 presents the absorption spectra of four 
samples containing different concentrations of aluminum (0, 
15, and 50 ppb) and Eriochrome Cyanine R dye. The sample 
containing EDTA (EDTA complexed all the aluminum presented 
in the sample) showed no absorbance peak at the wavelength 
of 535 nm. On the other hand, the blank sample showed a 
peak, which implied the existence of some aluminum in the 
sample. This aluminum in the blank sample could be due to 
the contamination from chemicals, glassware and/or deionized
The absorbance of the samples vs. deionized water, 
EDTA, and blank are shown in Table A-1. In the case of using 
the blank as reference, one can notice that the absorbance 
ratio between 15 and 50 ppb samples is not proportional to 
their concentration ratio. However, using the EDTA sample as 
the reference and plotting the absorbance (vs. EDTA) of 
samples vs. aluminum concentration, one can find the 
intercept of the line with the absorbance axis and that 
would give the amount of contaminant in the sample.





B la n k
EDTA
350 400 450 500 550 600 650
WAVELENGTH (nm)
F i g u r e  A - 1 .  The A b s o r p t i o n  S p e c t r a  o f  Samples  C o n t a i n i n g  
E r io c h r o m e  C y a n in e  R and D i f f e r e n t  Aluminum  
C o n c e n t r a t i o n .  C e l l  Path  Was 5 cm.
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Table A-1. The Comparison of the Absorbance of 
Samples at 535 nm
Sample Absorbance 
vs. water as 
reference
Absorbance 
vs. EDTA as 
reference
Absorbance 




15 ppb 0. 380 0. 185 0. 100
50 ppb 0.730 0.535 0.450
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Appendix B
In the course of this study, it was noticed that the 
color of the working dye solution was not stable and faded 
away. Therefore a set of experiments was performed to 
investigate this issue. A working dye solution was prepared 
and stored in two bottles, one colored and one clear. At 
certain interval times, four samples (10, 100 ppb aluminum, 
blank, and EDTA) were prepared by using the stored working 
dye solutions, and were run against deionized water.
Two other objectives were achieved. First, the effect 
of colored vs. clear bottles was studied; second, the 
effects of different aluminum concentrations on absorbance 
were observed.
Figures B-1 and B-2 represent the absorbance of the 
four samples vs. time for the working dye stored in clear 
and colored bottles, respectively. The working dye stored in 
the clear bottle shows loss of absorptivity after 20 hours, 
compared with 100 hours for the colored bottle. This shows 
that light affected the dye. The sample containing 100 ppb 
aluminum showed higher loss of absorbance compared with the 
other three samples. Thus, one can conclude that the samples 
containing high aluminum concentration are more affected by 
the fading of the working dye. The results indicated that 
the working dye solution was not stable for more than four 
days even with storage in a colored bottle. Therefore, 
working dye solution was prepared daily for each run.
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2000 40 80 120 160 240 280
TIME ( h r s )
F i g u r e  B - 1 .  The A b s o rb a n ce  o f  Samples  a t  535 nm U s ing  W o rk in g  
Dye S t o r e d  i n  C l e a r  B o t t l e  v s .  Time o f  S t o r a g e  o f  
D y e .
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TIME ( h r s )
F i g u r e  B - 2 .  The A b s o rb a n c e  o f  Samples  a t  535 nm Us ing  Work ing  
Dye S t o r e d  i n  C o l o r e d  B o t t l e  v s .  Time o f  S to r a g e  
o f  D y e .
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Appendix C
The effects of time on the absorbance of solutions 
prepared for aluminum measurements was studied. Table C-1 
presents the results of running the samples containing 0, 
10, 50, and 100 ppb aluminum and an EDTA sample vs. 
deionized water. These results are similar to the ones 
reported by Shull and Ghuthan (1967) with one exception: the 
maximum absorbance of samples containing 50 and 100 ppb 
aluminum occurred after 10 minutes, compared to 8 minutes as 
reported by them.














30 50 600 10 20 40
TIME (m in )
F i g u r e  C - 1 .  The E f f e c t s  o f  Time on A bsorbance  o f  Samples W i th  
D i f f e r e n t  Aluminum C o n c e n t r a t i o n s  a t  535 nm.
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Appendix D
The conventional method for preserving samples is done 
by the addition of a strong acid (1 percent of total volume) 
to the sample immediately following the collection of 
filtered sample. In this study, it was noticed that by the 
addition of 0.5 ml concentrated nitric acid to a 50 ml 
sample, the suggested buffer could not maintain a pH of 6.0. 
Shull and Guthan (1967) have shown that, as pH decreases, 
absorbance of the aluminum - dye complex increases. However, 
that does not mean that the accuracy of measurements would 
increase by lowering pH. Shull recommended a pH of 6 for the 
best result. This issue was investigated in an experiment 
and the results are presented in Figure D-1. The samples 
with a pH of about 6 show a linear relationship between 
aluminum concentration and absorbance, while the samples 
with a pH of about 5 and with a pH of about 4 are constant 
and independent of aluminum concentration.







10 20 30 40 500
ALUMINUM CONCENTRATION (p p b )
F i g u r e  D - 1 .  E f f e c t  o f  pH on The Ab s o rb a n ce  o f  Samples
C o n t a i n i n g  D i f f e r e n t  Aluminum C o n c e n t r a t i o n s .
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Appendix E
Figure E-1 shows the absorption spectra of samples 
containing different concentrations of humic acid. The 
absorbance vs. concentration at 230 nm wavelength is shown 
in Figure E-2.




200 300 400 500
WAVELENGTH (nm)
F i g u r e  E - 1 .  The A b s o r p t i o n  S p e c t e r a  o f  Samples  W i th  
D i f f e r e n t  Humic A c id  C o n c e n t r a t i o n s ( m g / 1 )




0 1 2 3 4 5
CONCENTRATION ( m g / 1 ) 
F i g u r e  E - 2 .  The A b s o rb a n ce  a t  230 nm v s .  C o n c e n t r a t i o n  
o f  Humic A c i d .
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Appendix F
Figure F-1 showed the absorption spectra of samples 
containing different salicylic acid concentrations. The 
absorbance vs. concentration curves at 220 and 286 nm 
wavelengths are plotted in Figure F-2. It showed a linear 
relationship between absorbance and concentration of 
salicylic acid.





F i g u r e  F - 1 .  The A b s o r p t i o n  S p e c t r a  o f  Samples  W i th
D i f f e r e n t  S a l i c y l i c  A c id  C o n c e n t r a t i o n s  ( m g / 1 ) .






0 1 2 3 4
CONCENTRATION ( m g / 1 )
F i g u r e  F - 2 .  The A b s o rb a n ce  v s .  C o n c e n t r a t i o n  o f  S a l i c y l i c  
A c id  a t  220 and 286 nm W a v e l e n g t h e s .
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Appenxid G
The preparation of aluminum hydroxide was as follows: 
33.32 g of Fisher reagent grade Alg(SO^)g. 18 H^O was 
weighed out and dissolved in 950 ml deionized water. This 
was stirred for 1 hour and then titrated with 30 ml of 10 N 
NaOH at a dropping rate of 1 ml/30 sec. At the end of the 
titration , the pH, which was above 8.0, was adjusted to pH 
7.0 by adding 0.1 N HCl. After aging the precipitate for 
another hour, the suspension was washed with 950 ml 
deionized water over Whatman 42 filter paper. The aluminum 
hydroxide precipitate was then resuspended in another 950 ml 
deionized water. The washed, resuspended precipitate was 
aged once more for 12 hours before use. The pH in each batch 
was monitored and was stable at the end of aging. In various 
batches, the final pH ranged from 6.2 to 6.9.
Figure G-1 represents the titration curve for one 
batch.




3 4 5 6 7 8 9
pH
Figure 6-1. The Titration Curve of Aluminum 
Hydroxide Solution.
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Appendix H
Figure H-1 shows the schematic of an Anderson standard 
sedimentation pipette for settling tests which was used in 
the settling velocity measurements of different 
particulates.
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20cm
F i g u r e  H - 1 .  S c h e m a t ic  D ia gram  o f  an 
An derson S t a n d a r d  
S e d i m e n t a t i o n  P i p e t t e .
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Appendix I
Table I-l presents the design of the Arthur Rollins 
Water Treatment Plant. Figure I-l shows the schematic 
diagram of the Arthur Rollins Water Treatment Plant.
Table I-l.Design of The Arthur Rollins Water Treatment Plant
Process Description water depth det. time




14.3 X .9 X  6.0
5.24 15
Rapid Mix 2 concrete basins ^  
2.0 X  2.0 X 3.1
2.29 2
(per basin)
Flocculators 2 concrete basins"^ 









3.1 X 3.7 X 4.1
3.47 ^ 12^
1. in series
2. bi - level series flow concrete tank
3. Surface overflow rate = 5 x 1 0
4. at shallow end
5. at deep end
6. Loading rate
7. Filter media depth = 1.22 m
8. Defined as Filter depth / Loading rate
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Raw Water Characteristics; 




















Table J-2. Jar Test Number 2
Raw Water Characteristics: Date: 12-6-1984
Color= 90 cu, pH=6.60, Alka=14 mg/1, Turb=4.8 NTU, Temp=23°C
Blank=.005 , 5ppb=.050, 10ppb=.099, 50ppb=.645, 100ppb=1.267
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Table J-3. Jar Test Number 3
Raw Water Characteristics: Date: 7-26-1984
Color=130 cu, pH=6.80, Alka=23 mg/1, Turb=5.8 NTU, Temp=24“C 












Table J-4, Jar Test Number 4
Raw Water Characteristics: Date : 12-5-1984
Color= 90 cu, pH=6.60, Alka=14 mg/1, Turb=5.6 NTU, Temp= 5®C 
lank=.018, 5ppb=.058, 10ppb=.094, 20ppb=.208, 50ppb=.576
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Table J-5. Jar Test Number 5
Raw Water Characteristics: Date: 7-26-1984
Color=130 cu, pH=6.80, Alka=23 mg/1, Turb=5.8 NTU, Temp= 6°C 
Blank=.071, 15ppb=.174, 25ppb=.284, 50ppb=.575
pH Absorbance Aluminum Concentration (ppb)
5.82 0.434 76
5.99 0.288 51
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Appendix K
The method of least squares was used to obtain the 
constant values for Equation-10 from the text :
substituting the following terms for the above equation:
Y.= o<X.+ PX."
Xaq)  ^ T' “ sO "^ 2' " '"sO '^4
The statistical procedure is as follows:
S = i?i(Yi- .Xi- (K-1)
E xj n E X.Y^
■ 4
P
solving for o< and p :
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The computer program (1) computes o< and P values for 
each set of data.
A Student T test with a confidence level of 90 percent 
was performed to indicate if the data from different runs 
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where <r is the varience.
I Var(o<j^ ) + Var («g) | Var(Pj^) + Var (Pg)
Due to the fact that the number of samples varied from 
6 to 12 by different jar tests, the following modified 
varience was used for the Student T test:
2 ) 0- ;
   (K-7)(n,+ n„- 4)
by substitiuting equation (K-7) in equations (K-4) and (K-5) 
the modified t values were computed. The computer program 
(1) also computes t values for both modified and non­
modified forms of the varience. Tables K-1, K-2 and K-3 
present the program output. The characteristics of each run 
is presented in Table K-4. The t value for a confidence 
level of 90 percent is about 2.15 (sample size: 6 to 12).
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Table K-1. The Program Output for «x, P, Var(<x) and Var(p)
Var (o<) Var (p)
1 0.38730 0. 11075E-12 0.39363E-02 0.22115E-27
2 0.25873 0.88788E-13 0.21341E-02 0.51800E-28
3 0.97678 0.84701E-14 0.15727E-02 0.21832E-27
4 0.33446 0.82476E-13 0.58656E-02 0.13531E-27
5 1.77552 0.15293E-12 0.24004E-02 0.19470E-28
6 0.75246 0.18347E-12 0. 32974E-02 0.14017E-27
7 2.33579 0.19846E-13 0.84476E-02 0.22299E-28
8 0.97314 0.12193E-12 0.28974E-01 0.43682E-28
9 1.92769 0.68403E-13 0.31191E-01 0.15832E-28
10 5.45888 0.52145E-13 0.11557E+00 0.15972E-28
11 3.99117 0.23970E-13 0.60750E-01 0.16156E-27
12 1.86490 0.18726E-12 0.20781E-01 0.15478E-25
13 4.34530 0.14508E-12 0.72191E-01 0.44428E-26
14 8.46082 0.19807E-12 0.52393E+00 0.12296E-25
15 0.98191 0.94177E-13 0.14432E-01 0.59910E-28
Table K-2,. The Program Output for t and t^
Run vs. Run t^
1 2 1.65022 1.32929
1 2 1.63974 1.40715
1 3 7.94199 4.87890
1 3 8.00777 4.49001
1 4 0.53374 1.49753
1 4 0.53537 1.45072
1 5 17.43913 2.71896
1 5 13.44907 1.87886
1 6 4. 29340 3.82551
1 6 2.37844 2.02440
1 7 17.50932 5.82612
1 7 16.56465 4.57327
1 8 3.22933 0.68702
1 8 2.76201 0.30182
1 9 8.21876 2.75080
1 9 7.50296 1.28594
1 10 14.67035 3.80583
1 10 1.37930 0.06744
1 11 14.16982 4.43587
1 11 5.26854 0.55267
1 12 9.39848 0.61061
1 12 2.74534 0.49928
1 13 14.34517 0.50275
1 13 2.44831 0.08952
1 14 11.11225 0.78050
1 14 2.94355 0.13624
1 15 4.38728 0.98853
(Continued)
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1 15 3.60091 0.53614
2 3 11.79392 4.88690
2 3 11.82798 4.76944
2 4 0.84670 0.46145
2 4 0.84675 0.45873
2 5 22.52490 7.59737
2 5 14.72336 4.24926
2 6 6.69936 6.83342
2 6 3.14951 3.74051
2 7 20.19171 8.00913
2 7 18.16462 5.18465
2 8 4.05054 3.39170
2 8 3.34191 1.30970
2 9 9.14238 2.47879
2 9 8.11597 0.91551
2 10 15.15699 4.45120
2 10 1.36157 0.06175
2 11 14.88416 4.43747
2 11 5.27048 0.60403
2 12 10.61044 0.79016
2 12 2.88123 0.80248
2 13 14.98966 0.83971
2 13 2.43507 0.21244
2 14 11.30853 0.98347
2 14 2.88355 0.24678
2 15 5.61871 0.50985
2 15 4.35578 0.25294
3 4 7.44754 3.93542
3 4 7.60212 3.17127
3 5 12.67194 9.36775
3 5 8.31734 4.47579
3 6 3.21435 9.24252
3 6 1.54048 3.36087
3 7 13.57640 0.73333
3 7 12.43974 0.40627
3 8 0.02081 7.00951
3 8 0.01778 2.07591
3 9 5.25344 3.91664
3 9 4.80610 1.23376
3 10 13.09534 2.85329
3 10 1.27129 0.03335
3 11 12.07476 0.79527
3 11 4.58962 0.06565
3 12 5.94021 1.42705
3 12 1.72202 0.85977
3 13 12.40277 2.00102
3 13 2.17205 0.23780
3 14 10.32404 1.69489
3 14 2.84048 0.19747
3 15 0.04056 5.13821
3 15 0.03249 1.90302
4 5 15.85014 5.66271
(Continued)
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4 5 13.20629 4.51228
4 6 4.36675 6.08468
4 6 2.60396 3.98026
4 7 16.72825 4.98882
4 7 16.14853 4.44599
4 8 3.42175 2.94900
4 8 2.92124 1.56165
4 9 8.27646 1.14471
4 9 7.53331 0.62993
4 10 14.70498 2.46606
4 10 1.34136 0.05242
4 11 14.16785 3.39558
4 11 5.15216 0.55792
4 12 9.37556 0.83856
4 12 2.73625 0.86160
4 13 14.35592 0.92531
4 13 2.38887 0.24196
4 14 11.16459 1.03678
4 14 2.85604 0.26738
4 15 4.54447 0.83745
4 15 3.78149 0.54488
5 8 13.55336 2.41718
5 6 12.55320 2.65755
5 7 5.37929 20.59167
5 7 5.10296 20.20318
5 8 4.52994 3.90045
5 8 5.24127 3.79016
5 9 0.83029 14.22576
5 9 0.95222 12.79068
5 10 10.72385 16.92876
5 10 2.51711 0.77452
5 11 8.81689 9.58432
5 11 8.03555 5.65963
5 12 0.58708 0.27578
5 12 0.42678 0.48852
5 13 9.40920 0.11740
5 13 3.90456 0.10726
5 14 9.21495 0.40681
5 14 5.73137 0.37045
5 15 6.11694 6.59396
5 15 6.60674 6.82389
6 7 14.60984 12.83688
6 7 10.70957 13.60928
6 8 1.22844 4.53840
6 8 1.26747 4.44299
6 9 6.32828 9.21248
6 9 6.21886 9.34328
6 10 13.65061 10.50952
6 10 4.40481 0.61093
6 11 12.79743 9.18208
6 11 14.41679 4.26557
6 12 7.16911 0.03033
(Continued)
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6 12 6.67960 0.04946
6 13 13.07670 0.56698
6 13 7.28689 0.36613
6 14 10.61607 0.13097
6 14 8.46773 0.08364
6 15 1.72320 6.31251
6 15 1.63601 6.43349
7 8 7.04409 12.56764
7 8 6.84275 11.11816
7 9 2.04976 7.86356
7 9 2.08332 6.38494
7 10 8.86821 5.22106
7 10 0.96803 0.19537
7 11 6.29294 0.30420
7 11 2.97040 0.14403
7 12 2.75432 1.34467
7 12 1.06818 2.27584
7 13 7.07651 1.87423
7 13 1.41629 1.45149
7 14 8.39459 1.60583
7 14 2.54808 1.23837
7 15 8.95070 8.19814
7 15 8.39662 8.11065
8 9 3.89160 6.93847
8 9 3.85627 7.08807
8 10 11.79854 9.03541
8 10 1.52352 0.61229
8 11 10.07560 6.83772
8 11 5.72742 4.65962
8 12 3.99791 0.52435
8 12 2. 11117 0.86889
8 13 10.60215 0.34567
8 13 2.59397 0.33651
8 14 10.06986 0.68544
8 14 3.39758 0.66541
8 15 0.04208 2.72677
8 15 0.04291 2.63347
9 10 9.21741 2.88297
9 10 1.02825 0.21051
9 11 6.80527 3.33604
9 11 3.41499 2.94114
9 12 0.27543 0.95485
9 12 0.12961 1.62083
9 13 7.51905 1.14838
9 13 1.59879 1.31913
9 14 8.76856 1.16863
9 14 2.55824 1.34170
9 15 4.42791 2.96150
9 15 4.50134 2.87102
10 11 3.49531 2.11451
10 11 1.44076 0.55748
(Continued)
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10 12 9.73285 1.08546
10 12 4.67478 0.21921
10 13 2.56988 1.39185
10 13 2.05300 0.78882
10 14 3.75389 1.31515
10 14 3.27094 1.09683
10 15 12.41660 4.82522
10 15 1.77599 0.25988
11 12 7.44660 1.30569
11 12 7.69135 1.15388
11 13 0.97126 1.78488
11 13 0.70456 1.93380
11 14 5.84542 1.55987
11 14 4.72620 1.72310
11 15 10.97500 4.71756
11 15 6.74606 2.48441
12 13 8.13478 0.29880
12 13 6.28552 0.14951
12 14 8.93703 0.06489
12 14 8.20621 0.02342
12 15 4.70552 0.74673
12 15 2.49523 1.27428
13 14 5.33038 0.40956
13 14 5.86337 0.40910
13 15 11.42777 0.75865
13 15 3.01834 0.60290
14 15 10.19300 0.93467
14 15 3.93722 0.73865
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, The Program Output for Calculated '
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7.1 24.0 34. 1
7.3 54.0 52. 1
7.5 91.0 81.2
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Table K-5. The Description of Different Jar Tests
Run Tvoe of Water Temperature Method of ,
1 natural 23“C EOR
2 24°C EOR
3 natural 5*0 EOR
4 model 24*C EOR
5 model 28*C EOR
6 natural 24*C EOR
7 model 5*0 EOR
8 natural 24*0 EOR
9 natural 6*0 EOR
10 25*0 AAS'
11 model 4*0 AAS
12 model 25*0 AAS
13 model 25*0 AAS
14 model^ 25*0 AAS
15 model 24*0 EOR
1. The Eriochrome Cyanine R Method.
2. Atomic Absorption Spectrophotometry.
3. Fluoride addition
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Appendix L
Date: 6-21-1984 Temperature: 24°C
15 ppb=.084 , 25 ppb=.170, 50 ppb=.403
pH Absorbance Aluminum Concentration fnob 1
5.70 0.318 64
5.91 0.163 32










Table L-2. Jar Test Number 2*
Date: 12-5-1984 Temperature: 24°C
Blank=.009, 5ppb=.161, 20ppb= ,241, 50ppb=. 622, 100ppb=1.26
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Table L-3, Jar Test Number 3*
Date: '7-14-1984 Temperature : 26»C
Blank= .139, 10ppb=.216, 30ppb = .418 , SOppb = .607, 100ppb = l.i:













Table L-4. Jar Test Number 4*
Date: 12-5-1984 Temperature : 24*C
Blank=.018, 5ppb=.058 , 10ppb=. 094, 20ppb=.208, 50ppb=.576
pH Absorbance Aluminum Concentration (ppb)
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Table L-5, Jar Test Number 5*
Date: 7-15-1984 Temperature: 5*C
Blank=.131, 10ppb=.226, 30ppb=.430, 50ppb=.660, 100ppb=1.272













Table L-6. Jar Test Number 6*
Date: 12-29-1983 Temperature: 4°C
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Table L-7. Jar Test Number 7*
















Table L-8, Jar Test Number 8*
-1984 Temperature: 25°C







The colored model water had these characteristics: 
Color=80 cu, Alkalinity=40 mg/1, Turbidity=0
Note: Tables L-6 to L-8 were analyzed by AASGF.
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Appendix M
Table M-1. Dissolved Aluminum / pH Data




Run 1 : 5.5 100 6.3 193
Model Water 6.2 8 6.4 160
Color=80 cu 6.4 7 6.5 120
T = 25 °C 6.6 8 6.8 82
Alum Dose = 7.2 55 7.2 94
40 mg/1 7.8 260 7.8 328
Run 2: 4.8 1950 5.0 2180
Model Water 5.6 120 5.8 920
Color=80 cu 6. 1 40 6.2 320
T = 25 “C 6.5 23 6.6 75
Alum Dose = 7.0 74 7.0 63
40 mg/1 7.7 580 7.7 615
1. Dissolved Aluminum
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Appendix N
Table N-1. Settling Velocity Tests After the Addition of 







Run 1 : 0.0 1.446 100
Water Type = Model 2.5 0.13 1.394 96
Color = 80 cu 5.0 0.066 1.341 93
pH = 7.47 10.0 0.033 1.216 84
T = 8 to 10 °C 22.0 0.015 0.644 44
30.0 0.011 0.389 27
60.0 0.0055 0. 194 13
Run 2 : 0.0 0.546 100
Water Type = Model 2.5 0.13 0.534 98
Color = 80 cu 5.0 0.066 0.561 P?
pH = 6.58 10.0 0.033 0.430 79
T = 2 5 ° C 20.0 0.017 0.326 60
30.0 0.011 0.192 35
60.0 0.0055 0. 106 19
Run 3 : 0.0 0.516 100
Water Type = Natural 2.5 0.13 0.473 92
Color = 120 cu 5.0 0.066 0.293 57
pH = 5.90 10.0 0.033 0.133 26
T = 25 °C 20. 0 0. 017 0.089 17
30.0 0.011 0.071 14
60.0 0.0055 0.059 11
1. Time at which samples were taken.
2. Sampling depth = 20 cm, V^= 20 cm/time.
3. The absorbance of the aluminum-dye complex at 535 nm and 
a 5 cm cell path.
Values differ due to different sample size.
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Appendix O














8/24 19.5 6.9 10 10 5.6 65 95 7.6 60 100
9/1 18.5 7.0 10 12 5.9 22 22 7.2 20 45
9/8 20.0 6.9 10 10 5.8 24 34 7.0 30 40
9/15 18.5 7.2 10 10 6.3 7 23 7.1 10 10
9/22 18.0 7.2 10 10 6.2 6 8 6.9 10 10
9/29 14.0 7.1 10 10 6.1 12 20 7.1 10 10
10/6 14.0 7.0 10 10 6.1 15 16 7.3 10 10
10/13 13.0 7.0 10 10 6.0 45 93 7.2 45 100
10/20 11.5 6.8 10 10 5.7 147 171 7.0 60 200
10/27 8.0 6.9 10 10 6.0 93 205 6.6 120 440
11/3 6.0 7.0 10 10 6.4 22 186 7.1 60 470
11/10 7.5 6.6 27 33 5.9 74 107 6.9 70 100
11/17 7.0 6.6 28 46 6.1 58 64 7.2 40 80
11/22 6.0 6.7 17 39 5.8 135 185 6.9 40 280
12/1 4.5 6.6 45 171 5.7 112 520 6.8 31 550
12/8 2.0 6.5 40 41 6.4 23 184 6.9 40 250
12/16 4.5 6.5 37 41 6.6 19 297 7.0 52 350
12/21
1984
2.0 6.7 22 31 6.6 15 18 7.0 35 110
1/6 1.5 6.6 - 27 6.4 - 36 7.3 - 370
1/13 1.5 6.7 - 28 6.5 - 19 7.2 - 180
1/20 1.5 6.7 - 28 6.5 - 195 6.9 - 210
1/27 1.0 6.6 - 41 6.6 - 215 7.1 - 290
2/3 1.5 6.8 - 43 6.9 - 200 6.9 - 240
1. Dissolved aluminum (ppb)
2. Total aluminum (ppb)
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Raw water 6.90 45 28.0 3.3-.i7 1 1 - 4
Settling inf1. 6.32 35 16.0 5.1-.13 175 - 4
Settling effl. 6.33 7 16.5 1.0-.i5 2 - 6
Filter effl. 6.18 4 13.5 .15-,13 11 - 6T
Finished water 7.03 4 26.5 .17-.74 lA - 8









Raw water 6.85 60 26.0 2.2-,16 14- 6
Settling inf1. 6.23 45 15.0 5.5-,12 1650- 74
Settling effl. 6.29 7 15.0 1.1-,12 386- 13
Filter effl. 6.13 3 12.5 .12-.iJ 18- 16
Finished water 7.24 4 28.0 .13-.75 17- 15









Raw water 7.04 50 24.0 3.1-.77 10- 8
Settling inf1. 6.30 60 14.0 6. 9-.75 1460- 12
Settling effl. 6.28 5 13.0 1.3-.77 225- 12
Filter effl. 6. 17 3 12.0 . 13-.77 16- 16
Finished water 7. 22 3 24.0 . 16-.72 16- 16
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Raw water 6.80 110 13.0 4.0-.75 28- 20
Settling inf1. 4.93 130 3.5 15.-.75 2900-7755
Settling effl. 4.95 30 4.0 2.5-.77 1450-7755
Filter effl. 4.50 11 2.0 . 14-.75 1250-7555
Finished water 6.44 8 13.0 .52-.75 1250- 44









Raw water 6.8 100 14.0 2.0-.55 20- 55
Settling inf1. 5.2 120 4.0 6.2-.55 1650-555
Settling effl. 5.2 20 4.0 1.0-.75 375-555
Filter effl. 5.0 6 2.0 .09-.55 540-575
Finished water 7.3 4 17.0 .09-.75 500-555









Raw water 6.71 100 14.0 2.6-.74 31- 55
Settling inf1. 5.36 120 4.5 7.3-.77 3300-755
Settling effl. 5.37 20 4.5 1.7-.75 650-555
Filter effl. 5. 17 4 2.5 .12-.74 380-555
Finished water 6.65 4 13.5 .17-.75 350- 70
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Raw water 6.85 70 15.0 2.1-.23 20- 16
Settling inf1. 5.60 90 6.0 Q.2-.12 1700- 98
Settling effl. 5.58 20 5.0 2.5-.16 220-108
Filter effl. 5.54 9 3.5 .22-.15 240-755
Finished water 6.89 6 16.0 .22-.18 230- 44









Raw water 6.65 70 10.0 2.3-.77 45- 35
Settling inf1. 6.06 80 9.0 6.5-.77 2550- 70
Settling effl. 6.05 20 8.5 1.2-.75 575- 72
Filter effl. 5.46 5 2.5 .13-.12 190-745
Finished water 6.84 4 11.5 .07-.75 195- 39
Date : 4-30-85
TABLE P-9









Raw water 6.90 70 18.0 2.9-.77 45- 45
Settling inf1. 6.28 90 11.0 5.4-.75 1850- 15
Settling effl. 6. 15 20 9.0 1.2-.77 277- 13
Filter effl. 6.06 6 8.0 .19.75 14- 74
Finished water 6.96 6 17.0 .19-.77 13- 13
*as aluminum
bold numbers: Filtered sample
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